During real-life disasters, that is, earthquakes, floods, terrorist attacks, and other unexpected events, emergency evacuation and rescue are two primary operations that can save the lives and property of the affected population. It is unavoidable that evacuation flow and rescue flow will conflict with each other on the same spatial road network and within the same time window. Therefore, we propose a novel generalized minimum cost flow model to optimize the distribution pattern of these two types of flow on the same network by introducing the conflict cost. The travel time on each link is assumed to be subject to a bureau of public road (BPR) function rather than a fixed cost. Additionally, we integrate contraflow operations into this model to redesign the network shared by those two types of flow. A nonconvex mixed-integer nonlinear programming model with bilinear, fractional, and power components is constructed, and GAMS/BARON is used to solve this programming model. A case study is conducted in the downtown area of Harbin city in China to verify the efficiency of proposed model, and several helpful findings and managerial insights are also presented.
Introduction
Unfortunately, real-life situations such as floods, hurricanes, chemical accidents, nuclear accidents, terrorist attacks, and other events may occur and threaten the lives and the health of human beings [1] . Evacuation and emergency rescue are two major activities in disaster response. Evacuation involves relocating the threatened populations to safer areas (i.e., shelters) as soon as possible, whereas emergency rescue operations aim to dispatch various special vehicles (i.e., police cars, fire trucks, ambulances, etc.) to save lives, mitigate emergency situations, or conduct other special operations. These two types of flow will inevitably conflict with each other during the emergency response phase because they share the same spatial road network during the same time window. Usually, emergency vehicles have a higher priority to obtain the right-of-way when they share the same link or intersection with evacuation vehicles. Evacuation vehicles and other public vehicles must be stopped to reduce response times and enhance traffic safety when a rescue vehicle approaches. As many researchers have claimed, when evacuation is implemented, the evacuation traffic demand will surge into the capacitated road network over a short period of time and consequently may cause significant transportation problems. Traffic delays during evacuation may range from inconvenient to catastrophic. Clearly, traffic delays will further be aggravated if evacuation flow and rescue flow conflict with each other in the same spatial and temporal space, especially when evacuation vehicles on the road may be often required to yield the right-of-way to rescue vehicles that use their warning devices. Therefore, emergency managers face a serious and difficult problem, namely, how to establish collaboration between evacuation flow and rescue flow in a shared and capacitated road network to mitigate negative influence due to conflicts. An obvious solution is to completely separate these two types of flow using selected management policies, such as setting up special emergency lanes for rescue vehicles to pass. The major drawback of this effort may be that the network capacity will not be fully explored because mixing of two flows is absolutely excluded. Thus, emergency managers must not only reduce conflict between two flows but also waste as little network capacity as possible.
The other issue commonly faced by emergency managers is how to implement contraflow design (also referred to
Literature Review
Over the past several decades, a wide range of network flow models has been introduced to describe different versions of routing and evacuation problems. The maximum dynamic flow problem introduced by Ford and Fulkerson [2] can be easily interpreted in the evacuation context as the evacuation of as many people as possible from a danger zone (source node) into a safe zone (sink node). The earliest arrival flow problem presented by Gale [3] is an extension of the maximum dynamic flow problem. The earliest arrival flow translated into the evacuation context means that the maximal amount of evacuees enters the safe area in each time period. To represent the evolution of a building evacuation process over time, Chalmet et al. [4] constructed a dynamic network flow model by expanding the network into a timespace network. The objective is to minimize the time until the last evacuee exits, which is known as the quickest flow problem. Following the same line of inquiry, Hamacher and Tufekci [5] extended the quickest flow problem to take into account different priority levels for different components of the evacuation network. Choi et al. [6] formulated three dynamic network flow problems for building evacuation (i.e., maximum flow, minimum cost, and the quickest flow problems) and introduced additional constraints to define link capacity as a function of the incoming flow rate. By formulating evacuation routing as a minimum cost flow problem, Dunn and Newton [7] proposed two algorithms for finding the set of path flows that minimize the total travel distance through a capacity-constrained network. Cova and Johnson [8] proposed the concept of lane-based routing to reduce intersection delays by temporarily transforming intersections into uninterrupted flow facilities using proper turning restrictions. As an extension of the minimal cost flow problem, the model minimizes the total travel distance while preventing flow conflicts and restricting merge points at intersections. Miller-Hooks and Patterson [9] proposed the time-dependent quickest flow problem in time-varying capacitated evacuation networks in which link travel times and capacities vary with time. Network flow is modeled with flow conservation constraints at each node as well as link capacity constraints. As an extension of the timedependent quickest flow problem, Opasanon [10] addressed the stochastic nature of the evacuation network for a large building and formulated two network flow problems to generate the optimal path flows. The minimal cost problem seeks to minimize the total travel time if both link capacities and travel time are random variables with time-varying probability mass functions. In contrast, the safest escape problem aims to maximize the minimum path probability of successful arrivals at destinations on a network with a deterministic travel time and stochastic time-varying link capacities. Recently, Bretschneider and Kimms [1] presented a basic mathematical model for evacuation problems based on time-expanded network flow model that minimizes the evacuation time and prohibits conflicts within intersections.
Besides using network flow model to produce origindestination routes and schedules of evacuees on each route, traffic assignment-simulation approaches are also employed to model evacuation problems. These approaches often use static/dynamic, deterministic/stochastic traffic assignment models to get evacuation flow pattern on road network (e.g., [11, 12] ) and then use traffic simulation tools, such as DYNASMART [13] and DynaMIT [14] , to conduct stochastic simulation of traffic movements based on origin-destination traffic demands and use queuing methods to account for road capacity constraints. However, it may take a long time to complete the simulation process for a large transportation network.
Lane reversal, which is also known as a contraflow lane, is another common topic during evacuation modeling. The effectiveness, feasibility, and safety issues of implementing lane reversal have been extensively discussed in, for example, MacDorman [15] , Glickman [16] , Hemphill and Surti [17] , and Caudill and Kuo [18] . In evacuation cases, it has been suggested that the traffic direction of the inbound lanes of eligible roadway segments may be reversed in the case of an overwhelming flow of outbound traffic to increase the outbound capacity. Since the late 1990s, lane reversal has been widely used for hurricane evacuations in the states of the U.S. located on the Atlantic and Gulf Coasts [19] . The results from both evacuation practices [19, 20] and numerical studies [21] [22] [23] [24] show that lane reversal has great potential to enhance evacuation performance and reduce traffic delays. It is worth noting that Xie and Turnquist [25] presented a lanebased evacuation bilevel programming model that integrates lane reversal and crossing elimination strategies in which network redesign and evacuation flow modeling are perfectly integrated. However, this research only aims to minimize the total evacuation time without considering that there may be multiple emergency flows that conflict with each other.
In summary, prior studies primarily formulate the evacuation networks in terms of facilities with limited capacity Mathematical Problems in Engineering 3 in which traffic can travel through links with known travel times if they do not exceed the link capacity. These problems typically involve two types of network flow constraints, namely, flow conservation constraints at every node and capacity constraints for each link. However, certain traffic phenomena, for example, congestion-caused delays, are not captured in such models. Additionally, evacuation flow does not independently move during the emergency response phase and usually coincides with emergency rescue flow in the same spatial and temporal framework. Ensuring that all flows collaborate together could be a more practical step for the emergency management field. Few researches have been conducted to investigate multiple flow conflict during evacuation flow modeling and integrating contraflow lane design together, except the research presented by Xie and Turnquist [26] , which integrated reversing lanes, eliminating intersection crossings, and reserving lanes for use by emergency vehicles together into one model. Although reserving a specific lane for emergency vehicles' exclusive use would improve the rescue efficiency, it may cause some extent of waste of road capacity, since the reserving lanes cannot be used for evacuation even though rescue flow is relatively low. In our research, instead of separating evacuation flow and rescue flow absolutely, we define conflict cost to account for the result of two flows mixing, which can be regarded as a general extension of Xie and Turnquist research [26] .
Model Formulation
In this section, we model multiple emergency flow routing (MEFR). It is assumed that, in a specified emergency scenario, evacuation and rescue operations are both necessary, and contraflow design also can be implemented to explore further capacity of original road network in an emergency area. The emergency manager seeks to maximize the efficiency of the emergency response. The mathematical notation used in our models is introduced in Notation summary.
Before developing the model formulation, we first present selected illustrations of road network representation. In a specified emergency response network, several evacuation origins and destinations may exist as well as several rescue origins and destinations. The original network can be augmented with "virtual links" leading from each realworld origin/destination point to one common virtual origin/destination point [27] . All these virtual links are assumed to have infinite capacity and zero cost (i.e., zero travel time) so as not to influence the flow routing.
The MEFR problem described in this section is based on the minimum cost flow problem [28] . The min-cost flow problem occupies a central position among the network optimization models because it encompasses a broad class of applications [29] . The objective is to minimize the cost of transporting all supply (source nodes) to meet all demand (destination nodes) in a capacitated network. The MEFR model is an extension of min-cost flow problem. The objective of MEFR is to minimize the four components of the cost, that is, evacuation-flow time cost, rescue-flow time cost, conflict cost, and lane reversal cost.
During emergency operations, evacuation flow and rescue flow may conflict with each other, and we define this conflict as follows.
Conflicting Flows. If evacuation flow and emergency flow coexist on a same road link, they are treated as conflicting flows.
The inspiration for this definition originates from events that often occur during emergency response. If a rescue flow mixes with the evacuation flow, significant traffic delay may result. For example, if an emergency vehicle is required to rapidly pass through a link, evacuation flow on that link must be stopped or slowed to avoid conflict. It is usually true that rescue flow has a higher level of priority than evacuation flow, whereas evacuation flow possesses a relatively higher demand. It can be observed that this type of conflict (two types of flow coexisting on the same links) can cause large traffic delays or even serious disorder. The resulting cost due to emergency flow conflict should be proportional to the size of the coexisting evacuation and rescue flow on a specified link ( , ) ∈ , which is presented as follows:
where is the total conflict cost resulting from two types of flow. For special cases, when = 0 (that is no evacuation flow on link ( , )) or = 0 (that is no rescue flow on link ( , )), the conflict cost on link ( , ) will be zero.
There are also two components of time cost during emergency response: the time cost of evacuation flow and the time cost of rescue flow, which are determined by formulas (2):
where is the total evacuation time cost and is the total rescue time cost. In a classical min-cost flow problem, the travel times of the links are assumed to be constant, but, for road transportation problems, this assumption should be relaxed because the travel speed of the link will decrease together with the increase in link traffic flow. To account for this traffic phenomenon, we introduce the BPR function [30] to describe the link travel time.
The final component of cost is the lane reversal cost. It should be noted that during contraflow lane design, two links are required for use in operations, one for each direction. These two links are referred to as a "pair" of links, and operators will not reverse them concurrently [31] . Normally, each road will contain two links serving two different directions, and, naturally, they will be considered as paired links. If a given road is one way (i.e., only one link), we can imagine that there is also a virtual link serving the opposite direction with zero capacity, and these consequently will become paired links. Contraflow lane operations can also incur costs because human resources and certain essential devices are needed to manage the contraflow lane to avoid confusing drivers. This cost should be proportional to the number of reversal lanes and is described as follows:
where is the total line reversal cost and |NL − | is the lane reversal cost shared by link ( , ) and its pair link ( , ).
Based on the discussion of the four components of emergency cost, a programming model is presented to describe the MEFR problem by extending the minimal cost flow as follows (MEFR):
s.t. 
∈ Integer; ∀( , ) ∈ . In MEFR, , , and for each ( , ) ∈ are decision variables. The objective of (1) is to minimize the total cost composed of the four components of cost in which is defined in Constraint (11). Constraint (5) is the evacuation flow conservation at each node, and Constraint (6) is the rescue flow conservation at each node in which (evacuation flow at node ) and (rescue flow at node ) are defined by Constraints (7) and (8) . Constraint (9) guarantees that the summation of the lane numbers of two arbitrary "paired" links after contraflow design is equal to the summation of lane numbers before contraflow design. Constraint (10) illustrates that the summation of two flows on each link is always not greater than the link capacity after contraflow design in which is defined by Constraint (12) . Constraints (13)-(16) define the flow of virtual links to guarantee that each evacuation/rescue origin can send a specified amount of flow, and each evacuation/rescue destination can receive a specified amount of flow. Constraint (17) states that the evacuation flow and rescue flow on each link are nonnegative. Constraint (18) means that the number of lanes on each link after the contraflow design must be an integer.
The MEFR is relatively difficult to solve because it is a nonconvex mixed-integer nonlinear programming (nonconvex MINLP) model with bilinear, fractional, and power components. The MINLP problems are difficult to solve because they combine all the difficulties of both of their subclasses: the combinatorial nature of mixed-integer programs (MIP) and the difficulty of solving nonconvex (and even convex) nonlinear programs (NLP). Because subclasses MIP and NLP are among the class of theoretically difficult problems (NPcomplete), it is not surprising that solving the MINLP can be a challenging and daring venture [32] . In this paper, the branch-and-reduce optimization navigator (BARON), that is, a GAMS solver for the global solution of nonlinear (NLP) and mixed-integer nonlinear programs (MINLP), is used to solve the MEFR model.
Case Study
This section presents a case study of the MEFR model. The study area consists of the downtown area of Nangang District, Harbin City, China, which contains 27 intersections and 86 links (see Figure 1) . This area includes a large-scale comprehensive international exhibition and sports center, the Heilongjiang Province TV Station, Wanda Plaza (the city's comprehensive business center), large movie centers, shopping malls, hotels, hospitals, and many residential areas. Additionally, the density of roads is quite large in this area, including many main roads. The area is capable of generating many thousands of vehicle trips during a daytime evacuation and is therefore suitable for testing our model.
As stated in Section 3, we must transform the real-world road network into an arc-node network that integrates the virtual evacuation/rescue origin and the evacuation/rescue destination (see Figure 2) . In Figure 2 , the nodes shown in red (i.e., 12, 13, 14, 17, 18, and 19) are the hypothetical real-world evacuation/rescue origins, whereas the green nodes are the hypothetical real-world evacuation/rescue destinations (i.e., 1, 4, 24, and 27). In addition, the virtual origin node (i.e., 28) and the virtual destination node (i.e., 29) are introduced to generate and receive evacuation/rescue flows. All roads are bidirectional, and two links are paired for potential use in contraflow operations. The link IDs are depicted in Figure 2 , and the characteristics of each link are presented in Table 1 .
The evacuation flow demand and rescue flow demand in this hypothetical emergency scenario are presented in Table 2 in which a positive number indicates origin flow and a negative number denotes sink flow.
We conducted four groups of experiments to test our model. In the first two groups, contraflow lane design and flow conflict are not considered together, that is, only contraflow lane or flow conflict is investigated independently in our model, whereas these flows are combined together in the other two groups. We aim to explore how the variations of the unit cost of lane reversal operations and flow conflict affect the four components of cost and total cost. Group 1. In this group of tests, we do not consider flow conflict, which means that we do not emphasize the separation of evacuation flow and rescue flow. We aim to investigate how the unit cost of lane reversal operations affects the evacuation cost, rescue cost, lane reversal cost, and total cost. We define the values of the parameters as follows. The unit evacuation cost 1 = 1, the unit rescue cost 2 = 3, and the unit lane reversal cost increases 200 times from 0.1 in step sizes of 0.4. The results are shown in Figure 3 .
We observe that, after the unit lane reversal cost reaches slightly more than 40, the lane reversal cost stabilizes at zero, and the evacuation cost, rescue cost, and total cost also stabilize at certain values. This result indicates that when the lane reversal cost becomes too large (i.e., larger than 40), we cannot use contraflow operation to obtain benefits because the reduction of the evacuation cost and rescue cost due to lane reversal operations will not produce an increase of the lane reversal cost. This finding is helpful for emergency managers to control lane reversal costs to a certain extent and obtain benefits from contraflow lane operations.
Group 2.
In this group of tests, we do not consider contraflow lane operations, which means that we cannot change the network structure. We aim to investigate how the unit cost of flow conflict affects the evacuation cost, rescue cost, conflict cost, and total cost. The unit evacuation cost 1 and unit rescue cost 2 take on the same values as in Group 1. The unit flow conflict cost increases 200 times from 0 in step sizes of 0.000003. The results are shown in Figure 4 .
In Figure 4 , we observe the following three findings.
(1) We find several intervals in which the flow conflict cost increases linearly while the evacuation cost and rescue cost do not change. This result indicates that in these intervals, the linear increase of does not further separate the evacuation flow and rescue flow, and only the flow conflict cost increases linearly. This phenomenon also can be verified by the "total cost" curve in these intervals in which total cost linearly increases due to the linear increase of the conflict cost and the stabilization of the evacuation and rescue costs. (2) Additionally, at the beginning stage of varying unit conflict cost, an interesting phenomenon occurs in that the conflict cost decreases and increases alternately. This result may indicate that when the unit flow conflict cost increases, the flow conflict cost also increases because evacuation flow and rescue flow do not change routes. When increases to a certain extent (we refer to this as a "critical point"), the evacuation flow and rescue flow separate further, and the flow conflict cost decreases. Until is increased to the next critical point, the evacuation cost/rescue cost will remain constant, and the flow conflict cost linearly increases. (3) From the "conflict cost" and "total cost" curves, it can be observed that after certain periods of disturbances of the flow conflict cost and total cost, they increase linearly together. This result may indicate that, at the current evacuation and rescue demand, no matter how large becomes, we cannot obtain a solution that will separate the two types of emergency flow completely. This observation also inspires us to use lane reversal operations to improve this situation.
Group 3.
In this group of tests, we consider contraflow lane operation and flow conflict together. We aim to investigate how the unit cost of flow conflict affects the evacuation cost, rescue cost, conflict cost, contraflow lane operation cost, and total cost. The unit evacuation cost 1 and unit rescue cost 2 take on the same values as in Group 1, whereas the unit lane reversal cost is equal to 0.4. The unit flow conflict cost increases 41 times from 0 in step sizes of 0.000003. The results are shown in Figure 5 .
From the "evacuation and rescue cost" curve, we find that the evacuation cost and rescue cost vary nearly symmetrically. This result is true because, together with the increase in , the two types of flow will be separated increasingly further, and one of them will be "pushed out" from the original routes with less travel time to other routes with more travel time to avoid conflict. This observation leads to the fact that if the evacuation cost increases, the rescue cost will decrease and vice versa. From the "conflict cost" curve, it can be observed that the conflict cost stabilizes at zero after increases to a certain extent. This phenomenon is rather interesting because it is completely different than the result from Group 2 in which the conflict cost does not stabilize but increases linearly together with the increase of . This observation indicates that the conflict between evacuation flow and rescue flow could be fully avoided using network redesign.
Group 4.
In this group of tests, we consider the contraflow lane operation and flow conflict together. We aim to investigate how the unit cost of lane reversal affects the evacuation cost, rescue cost, conflict cost, contraflow lane cost, and total cost. The unit evacuation cost 1 and unit rescue cost 2 take on the same values as in Group 1, whereas the unit conflict cost is equal to 0.000003. The unit lane reversal cost increases 41 times from 0.1 in step sizes of 0.4. The results are shown in Figure 6 .
From the "evacuation and rescue cost" curve, we find that the evacuation cost and rescue cost vary nearly with the same trend, which is quite different from the result in Group 3. This observation is reasonable because in Group 3, the variation Mathematical Problems in Engineering of will result in the separation of two flows such that the corresponding costs will change in different directions, but in Group 4, the increase and decrease of number of lane reversals together with the increase of will change the costs related to the two flows in the same direction. It also can be observed that, after becomes slightly larger than 10, the lane reversal cost stabilizes at zero, and the conflict cost, evacuation cost, rescue cost, and total cost stabilize together. The emergency manager can also use this finding to control lane reversal unit cost to maintain the efficiency of contraflow operations.
Selected Managerial Discussions. In emergency management practice, multiple emergency flows should be considered together and collaborate together in the same temporal and spatial framework. Identifying how best to utilize the current road network and route the different types of flow under emergencies in an efficient manner can be a challenging problem. The critical question related to this situation is how to determine the unit values of the four components of cost because the different values that they take on can lead to obviously different decision. For example, if the decision-makers emphasize no conflict between multiple flows, this means that will be relatively large, the capacity of the links will likely not be fully explored because various types of flow will independently occupy certain links to avoid conflict among them, and certain links may still contain much capacity. If takes on a relatively small value, which occurs if managers do not pay much attention to conflict, this will lead to an absolutely different routing plan and contraflow operation strategy. Therefore, in practice, decision-makers should pay careful attention to deciding on the values of various unit costs to obtain a valuable and practical emergency solution. Another interesting point is that the model presented in this research can be used in emergency flow cooperation scenarios but also can be used in other fields. A typical example is the assumption that a pipe network will be used for transportation of multiple materials. Certain materials are not allowed to conflict with each other or chemical reactivity will occur and cause damage, whereas other materials are allowed to conflict to a certain extent, but this will lead to an additional cost for separating the materials. The problem of how to decide on a plan to use the current pipe network to transport these materials is quite similar to the problem presented in this research.
Conclusions
This work studies a multiple emergency flow collaboration and optimal contraflow design (MEFR) problem in an urban highway network. A nonconvex mixed-integer nonlinear programming model is developed to describe this problem, which integrates four components of emergency cost: evacuation time cost, rescue time cost, flow conflict cost, and contraflow lane operation cost. Because this model is relatively difficult to solve, we use the GAMS/BARON solver to obtain solutions. Case studies in the downtown area of Harbin City in China are conducted to illustrate how our model operates. Various managerial insights are also drawn from the results as follows: (i) decision-makers should pay careful attention to determination of the values of various unit costs because these decisions will lead to completely different emergency strategies; (ii) decision-makers should properly control the lane reversal cost to guarantee that the operation of contraflow will produce a positive benefit; and (iii) different values of unit conflict cost can be used to adjust the separation level of multiple emergency flows. In future work, an effective algorithm should be developed to solve the nonconvex MINLP model presented in this research. The solution of this model is relatively time consuming with an average cost of 15 minutes required to solve the model with BARON. Certain heuristic algorithms should be developed to achieve good balance between solution precision and solution efficiency.
Notation Summary
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